ABSTRACT: Multinuclear solid-state nuclear magnetic resonance, mass spectrometry, first-principles molecular dynamics simulations, and other complementary evidence reveal that the coordination environment around the Zn 2+ ions in MOF-5, one of the most iconic materials among metal−organic frameworks (MOFs), is not rigid. The Zn 2+ ions bind solvent molecules, thereby increasing their coordination number, and dynamically dissociate from the framework itself. On average, one ion in each cluster has at least one coordinated N,N-dimethylformamide (DMF) molecule, such that the formula of as-synthesized MOF-5 is defined as Zn 4 O(BDC) 3 (DMF) x (x = 1−2). Understanding the dynamic behavior of MOF-5 leads to a rational lowtemperature cation exchange approach for the synthesis of metastable Zn 4−x Co x O(terephthalate) 3 (x > 1) materials, which have not been accessible through typical high-temperature solvothermal routes thus far.
■ INTRODUCTION
Dynamic motion is pervasive and functionally critical in natural and synthetic chemical systems. Enzymes, such as methane monooxygenase, bend and contort interior channels to ensure that substrates, like methane, arrive at the active site just on time. 1 Heterogeneous catalysts are no less dynamic: the oxidation of H 2 on Pt(111) requires that the surface Pt atoms spontaneously shuffle into a new morphology. 2 Even in energy storage systems such as Al-ion batteries, recently reported ultrafast charging likely implies unusual transport of [AlCl 4 ] − anions through dynamic, flexible three-dimensional pores. 3 In these and many other examples, crystal structures are not adequate descriptors of the dynamic motions occurring in a given molecule or material. However, whereas probing the dynamic motion in soft materials such as proteins and enzymes is well established, 4 an appreciation for the dynamism of harder materials, and its critical role in the function of these materials, has been gaining momentum only more recently.
One class of materials that has seen tremendous growth in this space is MOFs. Although snapshots of dynamic, mechanical motion in these materials can sometimes be gleaned from crystallography, as is the case with "breathing" frameworks, 5−7 many materials in this class exhibit properties that are inconsistent with the static view typically conveyed by their crystal structures. For instance, guest molecules that are significantly larger than the pore openings, such as enzymes, can sometimes be adsorbed into the pores. 8, 9 Furthermore, the organic ligands and secondary building units (SBUs) can be exchanged in numerous MOFs by simply soaking them in solutions of the inserting components. 10, 11 In another body of literature, catalysis occurs at SBUs where metal centers have no available binding sites, yet the catalytic transformation involves inner-sphere reactivity and must proceed through bond formation between a substrate and a metal center. 12−16 Defects aside, 17 for these and other phenomena to occur, the metal− ligand bonds in MOFs likely dissociate and, in the case of ligand or metal exchange or SBU-based catalysis, new metal− ligand bonds are formed.
Herein, we report experimental evidence that the Zn 4 O SBUs in MOF-5, an iconic example in this class of materials, interact dynamically with solvent molecules even in native MOF-5, in liquid DMF. In the presence of coordinating solvents, this material contains not just tetrahedral Zn ions but also octahedral metals. We also report that the surprisingly dynamic coordination environment of Zn ions in MOF-5 allows the synthesis of metastable MOF-5 analogues that are not accessible by typical solvothermal routes. Due to its ubiquity in the field, demonstrating that MOF-5 is a dynamic structure, with Zn ions that can shuffle fast between four-and six-coordinate geometries, suggests that the SBUs in other MOFs may also be less rigid than previously believed.
■ RESULTS AND DISCUSSION
We first suspected that Zn 2+ ions of MOF-5 interact with solvent molecules during a routine characterization of an as-synthesized sample. We followed a previously reported procedure that was optimized to remove excess solvent molecules from the pores and to maximize surface area. 18 Zn(NO 3 ) 2 ·6H 2 O and 1,4-benzenedicarboxylate were dissolved in DMF containing 2% deionized water and heated for 7 h at 100°C. The crystals were collected and washed with fresh DMF every 8 h for 2 days and then soaked in CH 2 Cl 2 with similar repetitions. Surprisingly, although this treatment was reported to remove excess DMF, a Fourier transform infrared spectrum (FT-IR) of a sample that had been fully washed with CH 2 Cl 2 , but not evacuated, showed a resonance at 1665 cm −1 corresponding to the CO stretch of DMF (inset of Figure 1 ).
Furthermore, a TGA profile of the same sample exhibited a well-defined mass loss around 50°C (shown in Figure 1 ). 19, 20 Because of its unambiguous and reproducible "step-like" change, we were able to quantify this mass loss and discovered that it corresponds to exactly two molecules of DMF per formula unit, Zn 4 O(BDC) 3 . The mass loss was further identified as DMF by measuring a TGA of CH 2 Cl 2 -soaked MOF-5 in-line with a mass spectrometer (MS). This confirmed that the weight loss step between 50 and 150°C corresponds to the release of DMF (Figure 1) . Together, the FT-IR and TGA-MS data showed that unactivated or as-synthesized MOF-5 contained up to two bound DMF molecules per formula unit.
Surmising that the most likely binding sites for DMF are Zn 2+ ions in the Zn 4 O SBUs, we sought structural evidence for this surprising solvent−SBU interaction. Although X-ray diffraction would be an obvious choice for such studies, solvated crystals of MOF-5 diffracted very poorly. The diffraction quality of MOF-5 crystals improved only upon heating, suggesting again that as-synthesized MOF-5 suffers from long-range structural disorder or otherwise fast dynamic processes that can only be eliminated by evacuating the solvent molecules. 21 In the absence of X-ray diffraction data, we sought to obtain structural information on DMF interacting with the Zn 4 O SBUs from solid-state 67 Zn nuclear magnetic resonance spectroscopy ( 67 Zn NMR). 22−24 A previous 67 Zn NMR study of MOF-5 yielded high quality spectra, but focused only on the fully evacuated samples or samples that were first fully evacuated and then subsequently soaked in noncoordinating solvents such as chloroform. 25 Our 67 Zn NMR examination of a sample of DMF-soaked MOF-5 with natural abundance of 67 Zn (4.1%) for 20 h at 21.1 T and under magic-angle spinning (MAS) conditions revealed no discernible NMR signal ( Figure  2A (bottom) ). However, a fully evacuated sample produced a well-resolved signal under otherwise identical conditions (Figure 2A (top) and Figure S3 ). This comparison clearly indicated that the presence of DMF affected the 67 Zn NMR parameters in MOF-5, but further experiments and a significantly improved signal-to-noise ratio were needed to identify the exact nature of the interaction of DMF with solvated MOF-5.
To increase the sensitivity of the 67 Zn NMR signal, we synthesized MOF-5 from 97%-enriched 67 Zn metal. A new 67 Zn NMR spectra of MOF-5 taken under magic-angle spinning conditions at 21.1 T: fully evacuated (top) and when solvated with DMF using enriched (middle) and natural abundant (bottom) zinc. Asterisks denote spinning side bands. The spectral inset (blue) illustrates the secondary site present within the solvated system. (B) 67 Zn nonspinning NMR spectra of experimental 97% enriched sample soaked in DMF alongside spectra for two simulated sites collected at 11.7 T. (C) 13 C MAS NMR spectra taken of CH 2 Cl 2 -and DMFsoaked MOF-5 with only the methyl region displayed using directpolarization (DP) and 13 
spectrum of 67 Zn-enriched, DMF-solvated MOF-5, acquired at 21.1 T revealed a strong resonance with some finer structural details at the edges. Careful examination between the nonspinning and MAS spectra ( Figure S1 ) suggested a second zinc site. As a first approximation, this spectrum ( Figure S1A and Figure 2A , middle) can be described using a two site model: a resonance centered at approximately 100 ppm with a full-width at half-maximum (fwhm) of 14 kHz, and a second site with a larger quadrupolar interaction (C Q < 6.5 MHz, η < 0.2; to assist the reader a simulation (blue inset) of this larger site is shown in Figure 2A ). Because the first site has the smaller quadrupolar coupling constant and is similar to what is observed with evacuated MOF-5, we refer to it as the "unsolvated site", i.e., four-coordinated, pseudotetrahedral site. Accordingly, the second site, clearly different from that observed in evacuated MOF-5, is named the "solvated site".
To confirm our two-site model and deconvolute the NMR parameters for each Zn 2+ site, we repeated the 67 Zn NMR measurements at a lower magnetic field because the line width due to second order quadrupolar interactions scales inversely with magnetic field (i.e., the solvated site would become more apparent as the broadening would become more obvious at 500 MHz vs 900 MHz). Nonspinning experiments for the 67 Znenriched solvated sample performed at 11.7 T revealed two distinguishable Zn 2+ sites with lineshapes dominated by second order quadrupolar interactions, shown in Figure 2B . Using collectively the 11.7 and 21.1 T data, the unsolvated site was simulated with C Q ∼ 4 MHz, η ≤ 0.65, and δ iso = 100 (50) ppm and the solvated site with C Q = 5.90 (0.25) MHz, η ≤ 0.1, and δ iso = 165 (10) ppm. Due to the lack of resolution between the sites and unsuccessful attempts with multiple quantum experimental methods due to nonfavorable nuclear spin−spin relaxation, further constraints regarding the NMR parameters could not be obtained. Importantly, the parameters fitting these data show that the unsolvated and solvated sites exist in a ratio of 70 (8) :30 (8) . In other words, DMF molecules bind to one of the four Zn 2+ sites in each Zn 4 O cluster of MOF-5, as corroborated by the TGA-MS and FT-IR data.
As a complement to our structural information obtained from the 67 Zn NMR data, we also probed the DMF−MOF-5 interaction by performing 13 C MAS NMR. Thus, MOF-5 solvated with DMF was examined by a Bloch decay experiment to observe all 13 C resonances within the sample. The resulting spectrum, shown in Figure S2 , displays resonances between 130 and 140 ppm and at 175 ppm, corresponding to aromatic and carboxylate carbons, respectively. Additional resonances between 30 and 40 ppm suggested that at least two DMF species exist in the sample. To test whether these signals result from bound and unbound solvent, we performed a 13 C{ 1 H} cross-polarization experiment, intended to reveal only rigid species, i.e., terephthalate and bound DMF. Indeed, Figures S2 and 2C indicate that the signal at 31.4 ppm, likely stemming from unbound DMF, drops out under cross-polarization conditions, leaving the two inequivalent methyl groups at 32.5 and 37.6 ppm locked in position, as would be expected for bound DMF. We also attempted a solution-based refocused-INEPT experiment ( Figure S2 ) and temperature-dependent 2 H NMR ( Figure S5 ) using d 7 -DMF in the hope of probing the dynamics of the Zn−DMF interaction. Due to the time scale of these measurements, however, they were sensitive only to the internal dynamics of methyl rotation of the bound DMF. Nevertheless, the spectra acquired from the 2 H NMR confirm that the DMF molecules were bound since they depict a Pake doublet below 255 K, which is only observed for rigid powdertype species.
With experimental evidence that the Zn 4 O clusters interact with coordinating solvent, DMF in particular, we employed density functional theory to explore how this interaction might occur. Several previous reports used molecular dynamics simulations to understand the water-induced degradation of MOF-5. 26−28 Inspired by these studies, we used Born− Oppenheimer molecular dynamics (BOMD) to take into consideration bond formation and configurational contributions from the interaction between MOF-5 and DMF. We employed a cell containing two rotated Zn 4 (μ 4 -O)(1,4-benzenedicarboxylate) 3 units in the presence of 15 DMF molecules, equivalent to liquid DMF (see Figure 3A) . The trajectories of all 15 DMF molecules were calculated at 300 K over 25 ps using 1 fs steps. Starting from an optimized structure, we explored two scenarios: one Zn 4 O node (Core 1 containing Zn atoms Zn 1 through Zn 4 ) was constructed without bound DMF molecules, whereas a second Zn 4 O node (Core 2, containing Zn atoms Zn 5 through Zn 8 ) was specified with one pseudo-octahedral site (Zn 8 ) with two bound DMF molecules at the onset.
In line with our experimental observations, our simulations predict that the MOF-5 SBUs dynamically bind and release DMF molecules without compromising the structural integrity of the framework within the 25 ps time frame of our simulation. Although Core 1 is initially unsolvated, its Zn 2+ ions repeatedly exchange DMF molecules after the first 5 ps (Zn 1 through Zn 4 in Figure 3 ). Remarkably, our simulations suggest that all Zn atoms participate in DMF binding events over the simulated time frame, but just one site at a time interacts with solvent. Overall, the node containing atoms Zn 1 −Zn 4 spends 28% of the simulation time with coordinated DMF. Even more strikingly, these calculations illustrate that the Zn 2+ ions in Core 2 (Zn 5 through Zn 8 ) not only dynamically coordinate DMF but also release the organic linker (shown in red in Figure  4) . The Zn 2+ ion that begins with two solvent ligands, Zn 8 , quickly releases one DMF to solution, and after only 2.5 ps a framework carboxylate detaches. Yet, by 5 ps the Zn 8 site regains both DMF molecules and the organic linker, thereby assuming its original pseudo-octahedral geometry, only to finally release the DMF back to solution (right panel of Figure  4 ). The carboxylate group initially bound to the pseudooctahedral Zn 8 ion starts coordinated in η 2 fashion to Zn 8 and Zn 6 atoms, then detaches and coordinates η 1 only to Zn 6 , and ends as η 2 -bound to the same. Overall, Core 2 spends 53% of the simulation time with a Zn site bound to DMF. Most significantly, these simulations show that DMF binding to the Zn 4 O clusters is favorable and occurs dynamically in liquid DMF at a rate faster than 10 9 Hz (1 ns). The fact that the Zn 4 O clusters bind DMF is surprising. Yet, the fact that only one Zn 2+ ion in each SBU may exhibit a coordination number above four at any given time is in line with our previous observation of cation exchange in MOF-5: when Ni 2+ ions replace Zn 2+ in this material, they assume octahedral geometry, and accordingly no more than one Ni 2+ ion can be inserted in each SBU. 29, 30 Importantly, however, the experiments above demonstrate that DMF binding to MOF-5 clusters is dynamic. In other words, as long as the metal ions within the SBUs can support fast exchange between 4-, 5-, and 6-coordinate species, DMF could bind indiscriminately to any one of the four metal ions and exchange between these ions rapidly regardless of their identity. Because four-coordinate pseudotetrahedral Ni 2+ is unfavorable in this ligand field environment, insertion of a single Ni 2+ ion locks the two DMF molecules onto that ion, preventing exchange with the remaining three Zn 2+ ions and limiting exchange to a single Ni 2+ per cluster. This hypothesis suggests that a metal ion that could accommodate both tetrahedral and octahedral geometries, such as Co 2+ , should exchange DMF molecules with the remaining Zn 2+ ions in a given SBU, leading to substitution of more than one Zn 2+ per cluster, according to the mechanism proposed in Figure 5A . If true, such a mechanism could afford unprecedented "oversubstituted" MOF-5 analogues of formula Zn 4−x M x O(BDC) 3 (x > 1; M = substituting metal ion).
To test this hypothesis, crystals of MOF-5 were soaked in DMF solutions of anhydrous CoCl 2 for 1 min, 30 min, 1 h, 1 day, 1 week, 2 weeks, or 1 month. After isolating and washing the resulting materials, they displayed a striking color progression from light pink to deep blue ( Figure 5C ), indicating the presence of O h Co 2+ and increasing quantities of T d Co 2+ with increasing time. A more precise kinetic analysis is complicated by Co−Co and Zn−Zn self-exchange processes, as well as Zn−Co back-exchange processes. ICP-AES analysis of materials isolated at each data point in Figure 5A confirmed that one Co 2+ exchanged into each cluster of MOF-5 after just 1 day, and that three Zn 2+ ions were replaced after one month ( Figure 5B ). Diffuse reflectance UV−vis spectra of all materials showed traces that were initially consistent with Co 2+ in O h geometry, but which became increasingly characteristic of T d geometry, validating the scheme shown in Figure 5A . PXRD analysis confirmed that the material soaked for one month retains the MOF-5 structure (Figure S7 ), while BET analysis of its N 2 isotherm at 77 K indicates a surface area of 3170 m 2 g −1
( Figure S8 ). Whereas isolating these "oversubstituted" analogues by cation exchange was facile, attempts to synthesize them by direct solvothermal synthesis were unsuccessful. Although Co 4 O(BDC) 3 is known, 31 and substoichiometrically substituted analogues Zn 4−x Co x O(BDC) 3 (x ≤ 1) have also been reported, 32 the intermediate compounds have been unknown. Our attempts to access these by solvothermal routes included keeping the overall metal content in a typical MOF-5 synthesis mixture constant, while using both 1:1 and 3:1 ratios of Co:Zn under conditions that mimicked the original preparation of MOF-5. A summary of the attempted reaction conditions is given in Table S1 . Only by using Co(NO 3 ) 2 ·6H 2 O in a 1:1 ratio with Zn(NO 3 ) 2 ·6H 2 O did the resulting material demonstrate the PXRD pattern expected for MOF-5 analogues (Figure S9 ), but the cobalt content was still less than 25% of the total metal content, indicating the incorporation of less than one Co 2+ per SBU. In an alternative strategy, we employed the typical conditions for synthesizing MOF-5, but added additional equivalents of metal in the form of Co(NO 3 ) 2 ·6H 2 O with Co:Zn ratios of 1:1 or 10:1 in the reaction mixture. In both cases, the resulting materials showed weak diffraction by PXRD analysis that did not resemble the pattern expected of MOF-5 ( Figure S10 ). Although investigations of solvothermal routes can never be exhaustive, these results highlight cation exchange, enabled by dynamic binding of DMF to the MOF-5 SBUs, as a rational and tunable route to potentially metastable MOF-5 analogues that have thus far been inaccessible by solvothermal routes.
Although MOF-5 has previously been depicted as a coordinatively saturated and rigid MOF even in its solvated form, our observation that DMF binds to MOF-5 is consistent with crystal structures of molecules and other MOFs with Zn 4 O clusters where at least one Zn 2+ site features pendant solvent molecules. For instance, Bury et al. reported crystal structures of molecular Zn 4 O clusters with benzoate or 9-anthracenecarboxylate ligands and a Zn site featuring additional bonds to tetrahydrofuran or water. 33 A number of MOFs with Zn 4 O clusters also exhibit bound solvent molecules, but no reports exist describing MOF-5 itself with bound solvent molecules. The most relevant is a structure that is analogous to MOF-5 and includes a Zn 2+ site with two bound water molecules, but is made from naphthalene linkers. 34 Consistent with our TGA-MS, NMR, and simulations of MOF-5, the Zn 4 O clusters in these crystal structures accommodate only one 6-coordinate Zn site. 35−47 This evidence suggests that while the MOF-5 node undergoes dynamic interactions, the number of Zn 2+ sites that can bind DMF in each Zn 4 O cluster is limited by how much the framework lattice can distort.
Having this insight into the structural limitations of the Zn 4 O cluster in MOF-5 allowed us to synthesize materials that would otherwise be difficult to obtain. Knowing that just a single metal site in the Zn 4 O binds additional ligands provided insight into how to exchange out more Zn sites than had been possible previously. 29, 30 In deliberately side-stepping this structural limitation by taking advantage of the ability of Co 2+ to assume T d symmetry, cation exchange becomes a rational synthetic tool. These results also set the general precedent that we can view the dynamic interactions at the SBUs of MOFs from the perspective of molecular coordination chemistry.
The ability of Zn 2+ sites in MOF-5 to alter their coordination environment and detach from ligands may explain other interesting phenomena observed in MOFs. Of the materials reported to undergo cation exchange, many contain metal ions that are coordinatively saturated and are integral to the framework integrity. It is likely that cation exchange preserves the crystallinity in these systems because their SBUs reversibly bind solvent molecules, as in MOF-5. The dynamic behavior of the MOF-5 SBUs revealed in this study could also explain the growing body of literature describing redox catalysis at coordinatively saturated metal sites. Although defect sites can never be discounted in heterogeneous catalysis, it is possible that MOFs able to catalyze reactions at metal sites that are seemingly coordinatively saturated do so by distorting their SBUs when binding substrates. [12] [13] [14] 16 Future studies will explore these concepts in more detail.
■ CONCLUSION
Several seminal findings for MOFs were established by first demonstrating they were true for MOF-5. When reported in 1999, 48 MOF-5 proved that materials in this class could be permanently porous and provided design principles for the emerging field. Early studies on modifying the composition of MOF-5 inspired the now common notion that the pore size and physicochemical properties of a material might be tailored systematically while preserving the overall topology, through reticular synthesis. 49 Gas storage in these materials has become a large area of sustainable energy research and is rooted in the early reports on hydrogen and methane sorption in MOF-5. 50 When the binding sites of N 2 and Ar within a MOF were first established by single crystal X-ray diffraction 51 and when Monte Carlo simulations were employed to evaluate the accuracy of the Brunauer−Emmett−Teller (BET) theory in calculating apparent internal surface areas, 52 MOF-5 was again the material of choice.
The results described here add to this list of seminal findings by showing, surprisingly, that the geometry of the Zn 4 O SBUs in as-synthesized MOF-5 is not rigid. An immediate application of these fundamental studies is the synthesis of new metastable MOF-5 analogues, enabled by the detailed understanding of the dynamic coordination environment of the Zn ions in this material. MOF-5 thus continues to offer critical insight into porous frameworks in general: viewing SBUs in other MOFs as dynamic entities will inform the design principles used for future reactivity studies, thus possibly enabling new applications for these materials. Using this perspective to review even mature fields, such as gas storage and separation, may uncover new insights into how guest molecules adsorb onto pore surfaces. How MOFs are formed, how they interact with their guest molecules, and other fundamental questions might also be answered from viewing even the more classically rigid SBUs as dynamic and potentially coordinatively unsaturated molecular entities.
■ EXPERIMENTAL SECTION
Experimental Conditions for Solid-State Nuclear Magnetic Resonance. High field 67 Zn nuclear magnetic resonance (NMR) spectra were acquired using a Bruker Avance III 500 (11.7 T) equipped with a 4 mm magic-angle spinning (MAS) single resonance low-gamma Bruker probe using a quadrupolar echo experiment. 53 Pulses were calibrated using a 2 M aqueous solution of Zn(NO 3 ) 2 (2.3 μs, π/2 pulses, γB 1 /2π = 108 kHz), an echo delay of 60 μs, an optimized recycle delay of 1 s, and 512,000 coadded transients. The frequency axis is referenced to 0 ppm using a 1 M solution of Zn(NO 3 ) 2 . 54 Ultrahigh field 67 Zn NMR spectra were acquired using a Bruker Avance II 900 (21.1 T) spectrometer. Spectra were acquired using various probes including 4 mm MAS double resonance (H/X), home-built single resonance solenoid 5 mm low-gamma nonspinning, 7 mm MAS double resonance (H/X), and 7 mm solenoid-coil single resonance nonspinning probes. Spectra were acquired using either the Bloch decay, 55 the quadrupole echo, 53 or the CPMG 22 (quadrupolar CPMG) pulse sequence. Pulses were calibrated using a 1 M aqueous solution of Zn(NO 3 ) 2 for the 4 mm (3 μs, π/2 pulses, γB 1 /2π = 83 kHz), the 5 mm (2 μs, π/2 pulses, γB 1 /2π = 125 kHz), and the 7 mm probes (5 μs, π/2 pulses, γB 1 /2π = 50 kHz (H/X), and 3 μs, π/2 pulses, γB 1 /2π = 83 kHz (X)). Experiments were acquired using either a 0.5 or 1 s recycle delay, between 8, 192 and 128,000 coadded transients, and an echo delay between 60 and 100 μs. MAS NMR spectra were acquired using a spinning frequency between 5 and 10 kHz. The frequency axis is referenced to 0 ppm using 1 M solution of Zn(NO 3 ) 2 . 54 Spectral parameters were simulated using the WSOLIDS software package. 56 13 C MAS NMR data were acquired using a home-built 500 MHz (11.7 T) spectrometer (courtesy of Dr. D. Ruben, FBML-MIT) equipped with a Magnex superconducting magnet. Spectra were acquired using a 4 mm MAS Chemagnetics triple resonance (H/C/N) probe. Variable temperature 13 C MAS NMR data were acquired using Bloch, 55 cross-polarization (CP), 57 and refocused-INEPT 58 experiments. A 1.5 ms contact time was used for the CP experiment, and all experiments were collected with high-power (γB 1 /2π = 100 kHz) TPPM 59 1 H decoupling during acquisition. Spectra were acquired using 3 to 20 s recycle delays, between 8,192 and 32,768 coadded transients, temperatures between 273 and 308 K, and a spinning frequency, ω r /2π = 8,000 (2) Hz. The 13 C chemical shift axis was referenced to 40.49 ppm using solid adamantane with respect to DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid, 0 ppm).
Nonspinning 2 H NMR experiments were acquired on a custom-built 400 MHz spectrometer (courtesy of Dr. D. Ruben, FBML-MIT) using a custom-built single channel transmission line probe equipped with cryogenic temperature capabilities. All 2 H NMR spectra were obtained using the quadrupolar echo sequence 60 with 8-step phase cycling 61 using a π/2 pulse of 2.0 μs and a delay of 30 μs between the two pulses. The recycle delay was 30 s for all experiments, and the number of coadded transients was between 4,000 and 20,000 depending on the signal-to-noise.
Born−Oppenheimer Molecular Dynamics. A rhombohedral cell was used to model the MOF-5 lattice, consisting of two rotated Zn 4 (μ 4 -O)(μ-BDC) 3 units. This corresponds to 25% of the cubic crystallographic cell, [Zn 4 (μ 4 -O)(μ-BDC) 3 ] 8 , and has been successfully employed in previous studies. 62 Static calculations (optimization) were performed using density functional theory (DFT) as implemented in the Vienna Ab Initio Simulation Package (VASP) plane wave code, version 5.2. 63, 64 We employed the Perdew−Burke−Ernzerhof (PBE) exchange-correlation functional 65 that was shown to reproduce binding energies well, 66, 67 with dispersion corrections added via the Grimme DFT-D2 semiempirical approach. 68 Inner electrons were replaced by all-electron frozen cores (projector augmented wave) PAW method, 69, 70 whereas monoelectronic valence electrons were expanded in plane waves with a kinetic cutoff energy of 350 eV. The threshold for the geometry optimizations was set to 0.015 eV/Å. All the calculations were performed at the Γ point.
This cell was then employed in a first-principles Molecular Dynamics calculation, since it is the only method capable of describing the electronic structure and the dynamics simultaneously. In particular, we used Born−Oppenheimer molecular dynamics (BOMD) to investigate the dynamics of the cage in the presence of DMF, with a liquid phase density. For the BOMD, the convergence criterion in the electronic density of each minimization was set to 10 −7 eV. This setup minimizes the energy drift of the extended system including ions, electrons, and the thermostat, for an average value smaller than 0.003 eV/ ps per unit cell. The runs were performed in the NVT canonical ensemble; the temperature was controlled using a Noset hermostat, mass parameter 0.01 amu, and set to 300 K. The equilibration step was performed over 1 ps, whereas each production run was 24 ps long with a time step of 1 fs.
To address the issue of DMF coordination to the metal centers in the MOF-5 structure we employed a continuous coordination number, c. We define two atoms being bonded, c = 1, when their distance is smaller than or equal to the sum of the ionic radii of the cation and anion. The coordination is then calculated through a Gaussian function that follows the harmonic potential between the two atoms and set to zero for distances longer than the sum of the radii plus 0.9 Å (i.e., longer than the van der Waals corresponding distances). The values rounded to the closest integer were then plotted in Figure 3 .
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